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In this paper, we investigate tandem amorphous/microcrystalline silicon solar cells with asymmetric
intermediate reﬂectors grown in the n–i–p substrate conﬁguration. We compare different types of
substrates with respect to their light-trapping properties as well as their inﬂuence on the growth of
single-junction microcrystalline cells. Our most promising back reﬂector combines a textured zinc
oxide ﬁlm grown by low-pressure chemical vapor deposition, a silver ﬁlm for reﬂection, and a zinc
oxide buffer layer. Grown on this substrate, microcrystalline cells exhibit excellent response in the
infrared while keeping high open-circuit voltage and ﬁll factor, leading to efﬁciencies of up to 10.0%.
After optimizing the morphology of the asymmetric intermediate reﬂector, we achieve an n–i–p
micromorph solar cell stabilized efﬁciency of 11.6%, using 270 nm and 1.7 mm of silicon for the absorber
layer of the amorphous top cell and the microcrystalline bottom cell, respectively. Using this original
device architecture, we reach efﬁciencies close to those of state-of-the-art n–i–p and p–i–n micro-
morph devices, demonstrating a promising route to deposit high-efﬁciency thin-ﬁlm silicon solar cells
on opaque substrates.
& 2013 Elsevier B.V. All rights reserved.1. Introduction
Thin-ﬁlm silicon solar cells have the potential to reach lower
production costs (h/W) than crystalline silicon cells thanks to the
low material usage and reduced number of process steps inherent
to thin-ﬁlm technologies. Still, their efﬁciency should be further
pushed to the limit. For instance, with respect to state-of-the-art
crystalline silicon modules, the lower module efﬁciency of thin-
ﬁlm devices means more modules must be installed for a similar
power, increasing the balance-of-systems cost. The micromorph
technology, which combines amorphous (a-Si:H) and microcrys-
talline (mc-Si:H) silicon for the top and bottom cells, respectively,
is in that regard a promising approach. Indeed this architecture
has recently demonstrated laboratory cell efﬁciencies above
14% [1,2] and 12.3% [3,4] in the initial and stabilized states,
respectively. At the same time, many groups have successfully
developed various plasma-enhanced chemical vapor deposition
(PE-CVD) processes to fabricate high-quality mc-Si:H bottom cellsll rights reserved.at high deposition rates above 1 nm/s [5–7]. As they have lower
absorption coefﬁcient in the NIR than other materials used as
absorber layer in solar cells, a-Si:H and mc-Si:H layers necessitate
light trapping to enhance the light path in the absorber layers,
improving the probability that NIR photons will be absorbed and
converted into electron–hole pairs. The desired light trapping can
be achieved either via plasmonic effects [8–10] or via light
scattering with random [11–13] and periodic [14–16] structures.
Owing to its deposition sequence, the n–i–p conﬁguration opens
the route for direct depositions on opaque substrates like
commercial ceramic tiles [17], ﬂexible stainless steel [18,19]
and plastic foils [20–22]. An additional advantage is that a large
choice of light-scattering patterns covered with a silver (Ag) layer
can be used to optimize light trapping in the bottom cell.
Alternatively transparent conductive oxides (TCOs) with low
free-carrier absorption can be combined with a Ag layer. Both
options offer the possibility to increase the short-circuit current
density (Jsc) of the bottom cell, leading to thinner silicon layers.
However, the required usage of textured electrodes leads
to the formation of structural defects during the growth of the
mc-Si:H cell, leading to lower electrical performance [23–25]. This
detrimental effect can be mitigated by tuning the deposition
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incorporating silicon oxide doped layers [27–29]. Another issue
related to the use of patterned substrates is the self-texturing of
the mc-Si:H ﬁlm during PE-CVD, resulting in the formation of
pinch points that form because of the change of the surface
morphology of the silicon layer during its growth. The pinch
points induce weak electrical performance in the subsequent top
cell, decreasing the ﬁll factor (FF) and the open-circuit voltage
(Voc) of tandem devices as reported in our recent work [30]. In the
latter contribution, we reduced the detrimental effect of the pinch
points by applying a low-pressure chemical vapor deposited zinc
oxide (LP-CVD ZnO) layer which forms an excellent template for
the top-cell growth after being subjected to a plasma treatment.
Furthermore the LP-CVD ZnO layer serves as an asymmetric
intermediate reﬂector (AIR) to reﬂect the light into the top cell,
increasing its Jsc [31,32].
In Section 3.1, we show how we can mitigate the formation of
porous defective areas in mc-Si:H single-junction solar cells by
depositing an Ag layer at elevated temperature on the plasma-
etched LP-CVD ZnO. This Ag layer smoothens the valleys of the
plasma-etched LP-CVD ZnO texture and improves cell electrical
performance compared to cells deposited on our standard LP-CVD
ZnO textures. It also provides a good NIR response suitable for
high Jsc in the bottom cell, which is our purpose to improve high-
efﬁciency micromorph devices. In addition to the substrate
fabricated in Section 3.1, in Section 3.2, we successfully develop
another innovative substrate which offers better light trapping in
the NIR and maintains high Voc and FF values compared to Ag
layer deposited at elevated temperature (HotAg) and our standard
LP-CVD ZnO substrates. Then in Section 3.3, we optimize the AIR
roughness by applying a newly developed pure oxygen (O2)
plasma treatment on its surface. Finally, in Section 3.4, we
combine the best substrates developed in Sections 3.1 and 3.2
with the optimized AIR roughnesses into micromorph devices.
With this novel architecture, we obtain highest initial and
stabilized efﬁciencies of 13.2% and 11.6%, respectively, for n–i–p
micromorph devices.2. Experimental details
Fig. 1 shows the different substrates tested in single-junction
mc-Si:H cells on glass. Type 1 refers to a 200-nm-thick Ag layer
deposited by sputtering at 200 1C (Ag200), which is subsequently
covered by 60 nm of sputtered aluminum-doped ZnO (ZnO:Al).
Type 2 consists of 5-mm-thick LP-CVD ZnO etched for 450 (Z5-45).
Type 3 is made of 200-nm-thick ﬂat Ag sputtered at room
temperature (AgRT), which was subsequently covered by 60 nm
of sputtered ZnO:Al. Afterwards, a non-intentionally-doped Z5
layer etched for 500 (Z5-50 NID) is deposited on the stack. This
structure has the advantages of high conductivity in the Ag ﬁlm,
adequate texture and low free-carrier absorption in the Z5-50 NID
layer, and excellent scattering of NIR light. Type 4 consists of a Z5-Fig. 1. Single-junction mc-Si:H cells with various substrate conﬁgurations. For the EQE m
the right, micromorph solar cell with an AIR deposited on 4b substrates.45 layer covered by a 400-nm-thick silver layer deposited either
at room temperature (AgRT) or at 150 1C (Ag150), corresponding
to Type 4a and 4b substrates, respectively, which is subsequently
covered by 60 nm of sputtered ZnO:Al.
The silicon ﬁlms were deposited at temperatures ranging from
180 to 200 1C using PE-CVD. Since we used different deposition
systems, further details on the deposition conditions are given in
the text. On all cells, the front contact is made of an LP-CVD ZnO
layer with half the thickness of Z5, i.e. 2.5 mm (Z5/2).
Micromorph devices were grown on Type 2, 3 and 4b sub-
strates. The cell on the later substrate is showed in Fig. 1. The AIR
layers were made of a non-intentionally-doped LP-CVD ZnO layer
with a thickness of 1.1 mm. The thickness of the absorber layer of
the a-Si:H top cell ranged from 220 to 270 nm. Finally, on each
substrate, 16 cells of 0.25 cm2 were patterned by lift-off litho-
graphy and plasma dry etching. For cell characterization, we
measured the current–voltage (I–V) characteristic under a simu-
lated AM1.5 g spectrum (WACOM WXS-220 S-L2, AM1.5GMM)
and Voc and FF were calculated from the I–V measurement.
We determined Jsc through external quantum efﬁciency (EQE)
measurement. Variable-illumination measurements (VIMs) were
performed with neutral-color ﬁlters under the AM1.5 g spectrum.
Initial efﬁciencies were measured after patterning of the cells.
Stabilized efﬁciencies were measured after degradation for
1000 h at 50 1C under AM1.5 g illumination. The crystalline
volume fraction of the ﬁlms was assessed by Raman spectroscopy
at the p-side of the cell (p-side Rc) using 514.5 nm light.
We characterized the substrate morphology before cell deposition
by atomic force microscopy (AFM) from which we extracted the
root-mean-square roughness (srms), correlation length (L) and
mean angle (/aS) [33,34]. srms and L quantify the average
vertical and lateral dimensions of the surface structures, respec-
tively, while /aS characterizes their average slope.3. Results and discussion
3.1. Effect of the deposition temperature of the Ag back reﬂector
on single-junction mc-Si:H solar cell performance
To reach high-efﬁciency micromorph solar cells, we need high
Jsc in the bottom cell, which is achieved by enhancing light
trapping of NIR wavelengths. In this section we target the
fabrication of a substrate consisting of a highly reﬂective Ag layer
deposited on LP-CVD ZnO whose texture was reported to provide
efﬁcient NIR light scattering [35]. The deposition conditions of the
additional Ag layer must be considered because the Ag growth
may be inﬂuenced by the LP-CVD ZnO texture underneath,
detrimentally modifying the ZnO surface morphology that was
designed to be suitable for good mc-Si:H growth. In order to ﬁnd
an appropriate combination, we studied the inﬂuence of the
deposition temperature of the Ag layer grown on top of the ZnO
textures, as represented by Type 4a and 4b in Fig. 1. Then we greweasurement, white back reﬂectors are used at the rear of the Type 2 substrate. On
Fig. 2. SEM images of focused-ion-beam-prepared cross-sectional views of the
1.6-mm-thick mc-Si:H cells deposited on Type 4a (a) and 4b (b) substrates.
Table 1
Initial parameters of the co-deposited 1.6-mm-thick mc-Si:H cells with absorber
layers deposited at VHF.
Substrate p-side Rc [%] Voc [V] FF [%] Jsc [mA cm
2] Z [%]
Type 4a (Z5-45/AgRT) 74 0.489 62.1 25.4 7.69
Type 4b (Z5-45/Ag150) 73 0.501 66.1 25.9 8.55
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ited at very high frequency (VHF) in a PE-CVD cluster tool
(Octopus I, INDEOTec SA).
For Type 4a, the AgRT layer grows conformally on top of the
plasma-etched LP-CVD ZnO pyramids, sharpening the valleys as
illustrated in the scanning electron microscope (SEM) images
in Fig. 2. It thus leads to the formation of structural defects in the
mc-Si:H layer which are indicated in Fig. 2. In addition, deep pinch
points appear at the top surface of the mc-Si:H layer which are
ﬁlled afterward by the LP-CVD ZnO front contact. For these
reasons, these cells exhibit lower FF and Voc compared to cells
on Type 4b substrates as shown in Table 1. Indeed, this undesir-
able AgRT morphology is avoided with the deposition of Ag150 as
illustrated in Fig. 2. Ag150 ﬁlms appear to be non-conformal,
ﬁlling the valleys and smoothening the surface morphology,
which seems to prevent the formation of structural defects. This
is consistent with the observation of So¨derstro¨m et al. for HotAg
ﬁlms deposited on thinner plasma-etched LP-CVD ZnO textures,
as discussed in [36]. In this paper, valley ﬁlling was attributed to
the self-texturing of the HotAg ﬁlm which develops larger grains
compared to AgRT ﬁlms. Similar observations are made for Ag150
ﬁlms used in this paper. The implementation of Ag150 ﬁlms thus
ameliorates the pinching problem while maintaining high
Jsc, leading to a highest efﬁciency of 8.55% as shown in Table 1.
We suspect that the detrimental effect of Type 4a substrates is
due to the sharpening of the valleys when the AgRT layer isdeposited. This effect is expected to amplify with increasing AgRT
layer thickness but could be mitigated by depositing thinner AgRT
layers, e.g. 200 nm thick, which would also be more suitable
for industrial applications. Nevertheless, we did not look into
this issue and we will continue our investigation with Type
4b substrates.
3.2. Optimization of the substrate design for single-junction mc-Si:H
cells with superior NIR response and electrical properties
3.2.1. Substrate design assessment at full illumination
In this section, the aim is to identify the substrate design that
provides the best compromise between efﬁcient NIR light trap-
ping and optimum electrical properties for mc-Si:H cells in order
to fabricate high-efﬁciency micromorph devices. In the previous
section, we established that Type 4b substrates lead to a smooth-
ened surface morphology, reducing the structural defect and
pinching point density in the absorber layer compared to Type
4a substrates. Thus we compare Type 4b with Type 1, 2 and
3 substrates which exhibit very different surface morphologies as
shown in Fig. 3 and Table 2. Based on the AFM measurements of
Fig. 3, Type 1 substrates are smoother than the other substrates,
presenting srms and L of 29 and 165 nm, respectively, as listed in
Table 2. These values are very similar to those of the HotAg ﬁlms
used by Unisolar [11]. Type 2 substrates have larger srms and L
values because of their large ZnO pyramids. The surface morphol-
ogy of Type 3 substrates is even rougher since dopant-free ZnO
deposition leads to the growth of bigger grains, resulting in larger
pyramid sizes [13]. Finally, the surface roughness of Type 4b
substrates is lower than Type 2, thanks to the Ag150 layer, which
is consistent with the observations of the previous section.
In order to assess the potential of the substrates in micro-
morph devices, we ﬁrst tested them in single-junction mc-Si:H
cells. We deposited an absorber layer with a thickness of 1.7 mm
using deposition processes which enable the improvement of the
cell resilience to the substrate morphology [26,29]. The electrical
performance of cells shown in Fig. 4 is higher for Type 1 substrates
since these substrates are smoother than the other substrate
types. We ascribe this trend to the high-quality growth of the
silicon layers on small features, limiting the formation of struc-
tural defects within the absorber layer. Nevertheless, Jsc is
signiﬁcantly reduced and is attributed to weaker light trapping
in the NIR region as shown by the EQE spectra in Fig. 5. Cells on
Type 2 substrates are affected by lower FF and Voc, probably due
to the combination of the lower conductivity of the Z5-45 back
contact compared to Ag, and an absorber layer of lower electronic
quality, which appears to be not affected by structural defects
since we did not observe them in SEM images of cross sections
(not shown). Contrary to Type 2 substrates, Type 3 and 4b
substrates have the advantage of maintaining electrical properties
that are relatively similar to Type 1 while boosting the NIR
response. In all cases, the EQE spectra exhibit a low response in
the blue region since we did not optimize the transparency
or thickness of the p-layer. Better performance for short wave-
lengths can be expected in micromorph devices since the
p-layer of the a-Si:H top cell was designed to optimize the
blue response. Nevertheless, as a result, the overall efﬁciency
is successfully conserved at about 10% for Type 3 and 4b
substrates while offering the possibility of bottom-cell Jsc of about
12.5 mA cm2 in micromorph devices.3.2.2. Substrate design assessment at reduced illumination
After assessing the light-trapping potential of the substrates at
full illumination, we performed VIM for the best single-junction
cell on each substrate. VIM evaluates the Voc drop when a cell
Fig. 3. 10 mm10 mm AFM images of the different substrates. As indicated in the ﬁgure, the z-scale is different between the images.
Table 2
Parameters of the surface morphology for the studied substrates extracted from
the quantitative AFM analysis.
substrate srms [nm] /aS [deg] L [nm]
Type 1 (Ag200) 29 21.9 165
Type 2 (Z5-45) 116 25.1 425
Type 3 (AgRT/Z5-50 NID) 151 25.5 535
Type 4b (Z5-45/Ag150) 102 26.3 484
Fig. 4. Electrical parameters of 1.7-mm-thick single-junction mc-Si:H solar cells
deposited on four different substrate types. The ﬁve best cells on each substrate
were taken for the statistics; squares display the average value, and error bars
correspond to the maximum and minimum values.
Fig. 5. EQE spectra of 1.7-mm-thick single-junction mc-Si:H best cells deposited on
Type 1, 2, 3 and 4b substrates.
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We attribute a higher Voc drop to defective regions within the
absorber layer in agreement with our previous observations
[25,27]. We can thus determine which substrate will maintain
the highest Voc when incorporated into a micromorph cell. We
deduced the diode quality factor n, by ﬁtting the slope of the
curves in Fig. 6 with the following one-diode model:
Voc ¼ nkT=q lnðJsc=J0Þ ð1Þ
where T is the temperature in Kelvin, q the elementary charge, J0
the saturation current, and k the Planck constant. Among sub-
strates that provide high photocurrent, i.e. Type 2, 3 and 4b, cells
grown on Type 4b substrates result in better Voc than those on
Type 2 and 3 substrates. Overall, the best absolute Voc values as
well as the smallest n values are observed for cells deposited
on Type 1 substrates, as expected from the smoother morphology.
We thus use this cell as a reference for the estimation of the
Fig. 6. (a) VIM of the best cells of each substrate. Full lines represent ﬁts with Eq.
(1) for each set of measurements. (b) The n values are deduced from Eq. (1),
quantifying the Voc drop with decreasing illumination. (c) The calculated Voc
values in the case of a bottom-cell Jsc of 12.5 mA cm
2 are shown in the bottom
right from the data ﬁtting.
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substrates. Assuming a matched current of 12.5 mA cm2, from
Fig. 6 (left), we can expect a bottom-cell Voc of 526 mV. Compared
to this upper limit, we anticipate Voc losses linked to the
illumination reduction of 13, 17 and 8 mV for cells on Type 2,
3 and 4b substrates, respectively. Nevertheless these substrates
are more promising for obtaining micromorph cells of high
efﬁciencies since we expect that Voc losses will be easily balanced
by higher Jsc, as these substrates provide better NIR light trapping
compared to Type 1.
Based on these results, we chose Type 2, 3 and 4b substrates as
the best candidates for the realization of record micromorph
devices since they offer a better compromise between satisfactory
NIR response and Voc and FF values for an absorber layer thickness
of 1.7 mm compared to Type 1 substrates. In the following section,
we incorporate Type 2 substrates as back electrodes into micro-
morph cells for optimization of the AIR morphology.
3.3. Effect of AIR roughness on micromorph cell performance
Light trapping in the top cell is of equal importance to light
trapping in the bottom cell, but their optimization aims for
different targets, as high Jsc in the top cell must be achieved with
a thin a-Si:H absorber layer because light-induced degradation
increases with a-Si:H layer thickness [37,38]. We further seek to
fabricate a bottom-limited device since such devices typically
exhibit higher FF compared to top-limited devices because of the
higher electronic quality of the mc-Si:H intrinsic material [39,40].
Therefore, we introduce an AIR that consists of a 1.1-mm-thick
NID LP-CVD ZnO layer to enhance the top-cell Jsc as previously
reported by So¨derstro¨m et al. [29] and Bugnon et al. [30] in the
n–i–p and p–i–n conﬁgurations, respectively. We change the
roughness of the AIR by applying a pure O2 plasma treatment
which increases the lateral resistivity of the layer without
compromising the out-of-plane conductivity. For the lateral
resistivity, we measure an increase of sheet resistance from
several hundreds to mega ohms. This mitigates current drains
that may occur in both sub-cells, thus leading to higher micro-
morph Voc [28]. The plasma treatment also transforms theV-shaped valleys into U-shaped valleys as reported by Bailat
et al. [41]. As a result the roughness of the AIR decreases as the
plasma treatment time increases from 150 to 600, leading to
further increased Voc and FF of micromorph cells in both the
initial and stabilized states as displayed in Fig. 7. Independently,
the Jsc gain in the top cell for rougher AIRs is compensated by a
strong drop in Voc and FF. We explain this sharp decrease by the
fact that, with our deposition processes for a-Si:H top cells, the
AIR roughness has to be below 50 nm to maintain good electrical
properties of tandem devices, as recently reported [42].
The highest stabilized efﬁciency of 11.1% is obtained for the
smoothest AIR as it maintains the highest Voc and FF upon
degradation. However the smoothest AIR leads to a strongly
top-limited device because of the low scattering at the AIR/top-
cell interface.
3.4. Interdependence of the substrate and AIR roughnesses on
micromorph cell performance
As a last step to further optimize the full micromorph device,
we focus on the interplay between the substrate and AIR rough-
nesses. We increased as next step the absorber layer thicknesses
of the top and bottom cells to 270 nm and 1.7 mm, respectively, to
obtain a high current-matching value of 12.5 mA cm2. The
bottom cells were co-deposited with the cells shown in Section
3.2. We also used long-duration pure O2 plasma treatments, i.e.
300 (rough) and 600 (smooth), for AIR roughness optimization to
maintain high-performance devices, as demonstrated in the pre-
vious section. Fig. 8 shows cell parameters in both the initial and
stabilized states as a function of the substrate type and AIR
plasma treatment.
In the initial state, Voc decreases for cells on rougher AIRs as
already observed in Fig. 7, independent of the substrate type.
Furthermore, the Voc difference between micromorph cells on
smooth and rough AIRs is lower than the expected Voc loss in
bottom cells calculated in Section 3.2, conﬁrming that the top-cell
Voc also strongly affects the micromorph Voc. The Voc dependence
on AIR roughness is also apparent in the stabilized state, except
for cells on Type 3 substrates. After degradation, Voc remains
above the high value of 1.40 V. FF increases artiﬁcially with the
current mismatching and, as expected, FF is higher for bottom-
limited devices like the cells on Type 4b substrates with rougher
AIRs. The best stabilized efﬁciency of 11.6% is obtained with these
cells. This is close to state-of-the-art efﬁciencies, as reported by
Unisolar [43,44], and to some extent 1 cm2 p–i–n cells developed
in-house [45]. The EQE spectra of the best cell on a Type 4b
substrate as well the cross section of the cell are displayed in
Fig. 9.
Stabilized efﬁciencies of 11.2% and 11.4% were obtained for
Type 2 and 3 substrates, respectively, but with more statistical
scatter among the 16 tested cells. Interestingly, we found that the
total Jsc of cells on Type 3 substrates was from 0.6 to 1.1 mA cm
2
higher compared to micromorph cells deposited on other sub-
strates. We attribute this gain to a better interplay between Type
3 substrates and the AIR morphology in increasing NIR light
trapping.4. Outlook
Because most of the cells shown in the previous section are top
limited, it should be possible to obtain similar efﬁciencies with
thinner bottom cells for cells with smooth AIRs. According to our
experience when depositing single-junction mc-Si:H cells on
Type 2 substrates [42], a smaller absorber layer thickness of
1.3–1.4 mm for the bottom cell can be sufﬁcient to match both
Fig. 7. Electrical performance of the ﬁve best micromorph cells deposited on Type 2 substrates with O2 plasma treatment times of 150 , 300 and 600 in the initial and
stabilized states. Squares display the average value, and error bars correspond to the maximum and minimum values. The absorber layer thicknesses of the top and bottom
cells are 220 nm and 1.5 mm, respectively.
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smooth AIRs.
For cells with rough AIRs, provided that we conserve the top-
cell thickness, we reach the highest possible efﬁciency on Type
2 substrates since the sub-cells are matched. On the contrary, the
use of Type 3 substrates is beneﬁcial since higher stabilized
efﬁciencies are obtained. In addition, similar efﬁciencies can be
achieved by reducing the absorber layer thickness of the bottom
cell by 0.3 to 0.5 mm based on our previous results on Type
2 substrates [42]. Finally, this substrate opens the route to match
sub-cells at higher Jsc values while keeping identical bottom-cell
thicknesses.
The highest efﬁciencies are obtained with Type 4b substrates
because of the better Voc and FF values. Even higher efﬁciencies
could be projected if the sub-cell Jsc was matched at 12.5 mA cm
2
with a slightly thicker bottom cell. The other advantage of
depositing a Ag layer at the top of the texture is that we can easily
incorporate any type of texture via the potentially low-cost nano-
imprinting process [46–49], permitting the deposition of thinner
devices. For example, we could easily incorporate a nano-
imprinted replica of plasma-etched LP-CVD ZnO or the honeycombpatterns on which Sai et al. reported Jsc above 26 mA cm
2 for
1-mm-thick single-junction mc-Si:H cells [50]. Since both Type
3 and 4b substrates offer the possibility to deposit thinner bottom
cells which usually exhibit higher Voc and FF, we can expect better
electrical performance for tandem devices.
Another way to achieve higher efﬁciencies is to enhance the
top-cell Jsc which is revealed to be the limiting parameter for the
majority of cells, even for those with rougher AIRs. Top-cell Jsc
saturates at 12.5 mA cm2 for a 270-nm-thick absorber layer
which is already signiﬁcantly affected by light-induced degrada-
tion. The use of an intermediate reﬂector material with a lower
refractive index than ZnO like magnesium ﬂuoride is a promising
option as suggested by Krc et al. [51], but it has not yet been
implemented into devices.
Alternatively, the a-Si:H/mc-Si:H/mc-Si:H triple-junction cell is
a promising option to improve efﬁciency owing to its lower
degradation. This conﬁguration has demonstrated stabilized efﬁ-
ciencies above 13% and 12.5% on relatively smooth HotAg [52]
and physically ﬂat/optically rough substrates [53,54], respec-
tively, which enable the growth of high-electronic-quality silicon
layers, leading to high Voc and FF values. As they are deposited on
Fig. 8. Initial and stabilized cell parameters of micromorph devices as a function of substrate type and AIR roughness. The ﬁve best cells on each substrate were taken for
the statistics; squares display the average value, and error bars correspond to the maximum and minimum values.
Fig. 9. EQE of the best stabilized micromorph cell deposited on a Type 4b substrate. Cell parameters in both the initial and stabilized states are given in the inset. On the
right, SEM images of focused-ion-beam-prepared cross-sectional views of the cell.
R. Biron et al. / Solar Energy Materials & Solar Cells 114 (2013) 147–155 153smooth substrates, the mc-Si:H layers of triple junctions are
relatively thick compared to those in micromorph devices depos-
ited on rough electrodes. The challenge is thus the deposition of
triple-junction cells on rougher substrates. Type 3 and 4b sub-
strates demonstrate good light scattering in the NIR which could
be suitable for triple-junction applications. In addition, an AIR
layer grown on textured electrodes that ﬂattens pinch points at
the top surface of the bottom cell can offer an optimal morphol-
ogy for deposition of the middle and top cells, resulting in high Voc
and FF values.5. Conclusion
We demonstrated that an optimum trade-off is found between
high optical and electronic properties of both sub-cells in n–i–p
micromorph devices with AIRs. This novel micromorph architectureoffers the possibility to tune the growth interface of the top cell
regardless of the bottom-cell texture while having high-electronic-
quality silicon layers via the use of adjustable texture of the back
electrode thanks to a highly reﬂective and conductive Ag layer and
an adaptable AIR morphology. The experiments carried out on
micromorph cells with various combinations of substrate and
intermediate reﬂector textures show that it is difﬁcult to combine
high Voc and FF with high Jsc for both sub-cells. Nevertheless, it is
possible that a good balance can be found with Voc41.4 V and total
Jsc25 mA cm2 for a stabilized efﬁciency of 11.6%.Acknowledgments
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